Abstract The paper presents the results of investigations on new procedures of determination of selected cleaning additives in diesel fuel. Two procedures: one-step analysis using gas chromatography with flame ionization detection (GC-FID) or mass spectrometry (GC-MS) and a two-step procedure in which normal-phase high-performance liquid chromatography (NP-HPLC) was used for preliminary separation of the additives, were compared. The additive fraction was collected using either simple elution or eluent backflush. Final determinations were performed by GC-FID and GC-MS. The studies revealed that it was impossible to determine the investigated analytes by one-step procedures, i.e. by using solely HPLC or GC. On the other hand, the use of a two-step procedure ensures reproducible results of determinations, and the limits of quantitation are, depending on the method of fraction collection by HPLC, from 1.4-2.2 ppm (GC-MS in SIM mode) to 9.6-24.0 ppm (GC-FID). Precision and accuracy of the developed procedures are compared, and possible determination errors and shortcomings discussed.
Introduction
Among automotive fuel additives, an important role is played by cleaning, anticorrosive, octane or cetane number improving additives [1] , and-in case of diesel oil additives-those improving lubricating and low-temperature properties. Depressor additives lowering so-called cold filter plugging point are also used. The additives are introduced as solutions in fuel or in one fraction or component of fuel. The most important concentrate components are, depending on its applicability, amines, esters of nitric acid and aliphatic alcohols, special oils, normal and branched alcohols containing 4 to 14 carbon atoms, including 1-hexanol, 2-ethylhexanol, or isopropanol as well as special block polymers or organometallic compounds, including zinc alkyl dithiophosphates [2] [3] [4] . In many cases, alcohols are also used as solvents for active ingredients of the additives, assuring homogeneity of the mixture being the final form of the additive as well as solubility in the fuel. 2-Ethylhexanol is used as a solvent in foam suppressants based on polydimethylsiloxane, which are added to diesel oil [5, 6] . The content of active ingredients of individual additives in fuel is low, typically ranging from a few parts per million to a few hundred parts per million (w/w), which greatly complicates analytics.
In order to control blending process or for quality control of the final product, it is sometimes necessary to determine the content of selected additives in fuel. A very complex matrix such as gasoline, and particularly diesel fuel, containing a large number of groups of organic compounds, presents a great analytical challenge for the determination of additives content in fuel.
To this end, it is necessary either to isolate a particular component(s) by adsorption, e.g., by solid-phase extraction or liquid-liquid extraction, or by using adsorption chromatography, preferably normal-phase or reverse-phase high-performance liquid chromatography (NP-HPLC or RP-HPLC), followed by gas chromatography (GC) [7, 8] or liquid chromatography in order to perform final determination of an analyte or group of analytes.
In the case of determination of lubricating additives in diesel fuel, which was a mixture of oleic and linoleic acids, an extraction-derivatization method with the phase transfer catalyst (methanolic solution of tetramethylammonium hydroxide) was used. The resulting extract was introduced directly into the GC injection port. Lubricating additives in the extract are present as tetramethylammonium salts of fatty acids, which decompose at a high temperature in the injection port to yield methyl esters of fatty acids. Flame ionization detector was used for the determination and recoveries varied from 95 to 98 % [9] . A promising technique for the determination of analytes in complex matrices is solid-phase microextraction. When used for a direct extraction from a matrix, it is a solvent-free technique, which allows direct GC analysis with thermal desorption in the GC injection port [10] . In some cases of determination of additives in diesel fuel, an additional step of fraction isolation was not necessary due to application of highly selective methods of final determination. Such an approach was employed, for example, in the determination of a lubricating additive, 2-hydroxyethyl linoleate, in diesel fuel by the internal standard method, using pentadecanoyl propanoate as the internal standard. GC-mass spectrometric detection selected ion monitoring (GC-MS-SIM) was chosen for the final determination. The analysis of MS spectra of the analyte and internal standard revealed that the use of single ion monitoring at 255 m/z and 263 m/z, respectively, allows direct analyses without the need for analyte isolation during the sample preparation step. This results from low intensity of these ions in case of analysis of diesel fuel within the range of retention time of the analyte. Nevertheless, for the investigated range of concentrations of the additive: 54-180 μg/mL, the recovery values slightly exceeded 100 %, and in one case the recovery was equal to 125 % [11] . A similar approach was used for the determination of antioxidants in aviation fuel by two alternative procedures-reversephase high-performance liquid chromatography with electrochemical detection (RP-HPLC-ED) or GC-MS-SIM. Similar to the determination of lubricating additives, the SIM mode allows a selection of the signal of the analytes only due to high intensities of the ions derived from the analytes with large values of the mass-to-charge ratio, and not produced from the matrix components [12] . In addition, procedures for the determination of additives to lubricating oils based on amines and organophosphorus compounds have been developed. GC-MS-SIM or, alternatively, gas chromatography with the flame photometric detector (GC-FPD) in the phosphorus mode was used. The determinations were performed directly on lubricating oil dissolved in hexane by the internal standard method.
The investigated amines have very abundant ions with a high mass-to-charge ratio; for example, for dioctyl diphenyl amine they are 393 and 322 m/z. The paper did not mention any problems related to peak overlap of matrix components and the analyte or elution of high-molecular-mass components (the final distillation temperature of lubricating oil components can exceed 500°C), which can be expected when using operating conditions described in the paper (final GC oven temperature-below 290°C) [13] .
This paper compares one-and two-step procedures making use of coupled techniques for the determination of cleaning additives in diesel fuel. The additives contain straight-chain and branched alcohols, solvent naphtha, a mixture of trimethylbenzene isomers and naphthalene. The developed procedure allows the determination of additives containing 2-ethylhexanol in diesel fuel.
One of the important roles of such additives is prevention from the formation of deposits in the injection system, where the temperature and pressure conditions can result the formation of deposits of contaminants coming from the fuel. This is particularly important for the fuels containing diesel fuel additives prone to precipitation during abrupt changes in operating conditions. Even small amounts of deposits in the injector nozzle (nozzle orifice diameters from 80 to 110 μm) result in a significant power loss and, in a long term, to the formation of carbon deposits and a serious failure of the fuel injection system.
Material and methods

Materials
The standards used: 2-ethylhexanol, naphthalene, pyrene (Merck, Darmstadt, Germany) had purity over 99 % by weight, and the commercial cleaning additive was of technical purity. The eluents used in the investigations-hexane, and methyl tert-butyl ether (Merck, Darmstadt, Germany) were of HPLC grade. Gases used in GC analyses (hydrogen, air, helium; Linde Gas, Poland) were of 5.0 N purity.
Apparatus
A Merck-Hitachi gradient liquid chromatograph (Darmstadt, Germany) equipped with a four-channel lowpressure gradient system, a L-6200 pump, a Rheodyne Rh-7161 (Idex, Oak Harbor, USA) injector with a 1-mL sample loop, a chromatographic column, a thermostat, a model L-3000 UV diode array detector (DAD) detector, a model 1037A refractive index detector, HSM software, and a V 7226 six-port two-channel backflush valve (Knauer, Berlin, Germany). The following columns were used for the normal-phase separations: one 250 × 4 mm Purospher® STAR NH 2 (5 μm) column (Merck, Darmstadt, Germany) and two 250×4 mm Nucleosil 50-3 columns (MachereyNagel, Duren, Germany).
Collected fractions were analyzed by gas chromatography. An HP 5890 gas chromatograph (Hewlett-Packard, USA) coupled to an HP 5972A mass spectrometer, with a 60.0 m × 0.25 mm × 0.25 μm DB5ms capillary column (Agilent, Santa Clara, USA) and an Autosystem gas chromatograph (Perkin Elmer, Waltham, USA) with a flame ionization detector (FID), with a 60.0 m × 0.25 mm × 0.25 μm DB5ms capillary column (Agilent, Santa Clara, USA), were used in the investigations.
Procedure
Preparation of standard solutions
In order to determine retention times of selected additive components, standard mixtures of 2-ethylhexanol and naphthalene (both commonly used in detergent additives to diesel oil) were prepared in original diesel fuel. The concentration of standards was about 100 ppm (w/w). Calibration mixtures for quantitative analysis with concentrations ranging from 0.1 to 1,500 ppm (w/w) were prepared in the same manner. Concentrations were calculated from the mass of components used to prepare the mixtures.
Single-step procedure-normal-phase high-performance liquid chromatography with refractive index detector and UV-VIS diode array detector One, two, or three HPLC columns connected in series were used in the investigations. The possibility of separation of diesel fuel components with the additive by using from one to three NP-HPLC columns and the UV-VIS-DAD detector was studied to a degree allowing direct determination of naphthalene.
Separations were carried out using isocratic elution with the hexane-methyl tert-butyl ether (MTBE) mobile phase, with the MTBE content varying from 0 to 30 % (v/v). After complete elution of the standard, the column was backflushed. Dual detection: UV diode array detector (UV/DAD) and refractive index detector (RID) connected in series, was used in the investigations. UV/DAD detection conditions: spectral range 220-600 nm, monitored UV wavelength (characteristic of naphthalene): 275 nm.
Single-step procedure-capillary gas chromatography with flame ionization detector or mass spectrometric detection Samples (1.0 μL) were injected with a microsyringe. Split (10:1) injection mode was used. Separations were carried out under the following conditions:
Capillary gas chromatography with flame ionization detector Helium at a flow rate of 1.1 mL/min was used as the carrier gas. The initial oven temperature was 70°C (held for 5 min), followed by a ramp to 185°C at 6°C/min (held at 185°C for 1 min), and then ramped to 330°C at 30°C/min (held at 330°C for 12 min). The injection port and detector temperatures were 350 and 300°C, respectively. The hydrogen and air flow rates in FID 40 and 430 mL/min, respectively.
Capillary gas chromatography and mass spectrometry-SCAN and SIM modes Helium at a flow rate of 1.1 mL/min was used as the carrier gas. The initial oven temperature was 80°C (held for 3 min), followed by a ramp to 180°C at 10°C/min, and then ramped to 300°C at 25°C/min (held at 300°C for 15 min). The injection port and GC-MS transfer line temperatures were 350 and 310°C, respectively. The temperature of the ion source (EI, 70 eV) was 200°C; SCAN mode over the mass-tocharge ratio range of 34-300 m/z was used for the determination of retention times.
In the study on the possibility of single-step determination of additive content in diesel fuel by GC-MS in the SIM mode, selected characteristic ions for 2-ethylhexanol (70, 83 m/z) were monitored over 0-13 min and for naphthalene (128m/z) over 13-30 min.
In quantitative determination of the additive in the fraction collected from NP-HPLC (two-step procedure), only ions characteristic of 2-ethylhexane (70, 83 m/z) were monitored. Two-step procedure-fraction isolation using NP-HPLC, followed by GC-FID or GC-MS for final determination The additive fraction isolated by NP-HPLC was collected in a vial, followed by analysis of the eluate using GC-FID or GC-MS.
Isolation of the additive fraction from a sample of diesel fuel using NP-HPLC and backflush elution-NP-HPLC-EBF/ UV-VIS-DAD/RID One 250 mm×4 mm×5 μm NH 2 -type column was used. The characteristic fraction of the additive being determined was eluted using backflush, with the backflush time established by the retention time of pyrene, collecting the fraction over the time determined for a standard solution of 2-ethylhexanol. The retention time of pyrene under conditions of group separation in NP-HPLC determines the end point of elution of tricyclic aromatic hydrocarbons. By then all the remaining matrix components of diesel fuel have been eluted from the column. Only resins and polar components of the additive can have longer retention times. Two detectors were used in series: a DAD and a RID. The separation was carried out isocratically with a two-component mobile phase, containing hexane and MTBE in volume ratio varying from 20:1 to 4:1v/v. The other separation conditions were as follows: mobile phase flow rate 1.5 mL/min; injection volume 0.2 mL. The use of two detectors: UV and refractive index, permits an additional detection of the presence of polar components of diesel fuel (resins) in the fraction collected during backflush. The resins are characterized by strong UV absorption in contrast with 2-ethylhexanol being collected.
Isolation of the additive fraction using NP-HPLC/UV-VIS-DAD/RID The additive fraction was eluted over the time determined for a standard mixture of 2-ethylhexanol. Isocratic elution with a binary mobile phase (hexane/ MTBE) was used. The experiments were carried out for various volume ratios of the solvents, with the MTBE content over 12.5 %. The column was backflushed following complete elution of the additive fraction collected. The remaining conditions were the same as in the section "Isolation of the additive fraction from a sample of diesel fuel using NP-HPLC and backflush elution-NP-HPLC-EBF/UV-VIS-DAD/RID".
Final determination Both GC-FID and GC-MS determinations were carried out under conditions identical to those described in the section "Single-step procedure-capillary gas chromatography with flame ionization detector or mass spectrometric detection".
Quantitative analysis
Determinations of the additive content were performed using five-point calibration curves by GC-FID or GC-MS. Calibration was based on peak areas. Each point on the calibration curve was calculated as the average of three results. The concentration of the additive in the column eluate was converted to the mass concentration of the additive in diesel fuel for a 200-μL injection volume, taking into account the time of fraction collection and the densities of the additive and diesel fuel, according to the following relationship:
where: 
Validation of two-step procedure
Two standard mixtures of the additive in diesel fuel were prepared with concentrations of about 50 and 400 ppm (w/w). Three analyses were carried out for each of the mixtures according to the procedure described in the sections "Isolation of the additive fraction from a sample of diesel fuel using NP-HPLC and backflush elution-NP-HPLC-EBF/UV-VIS-DAD/RID", "Isolation of the additive fraction using NP-HPLC/UV-VIS-DAD/RID", and "Final determination". The same procedure was used for the blank-the original diesel fuel to which no cleaning additive was added.
Precision
Relative standard deviation (coefficient of variation) was calculated for the obtained results.
Limits of detection and quantification
Limits of detection (LOD) and quantification (LOQ) were found for the signal to noise ratios: S/N=3 for LOD and S/N=6 for LOQ.
Accuracy
Accuracy was determined as a relative error (recovery) of the expected value determined from the masses of additive and diesel fuel in a standard mixture.
Results and discussion
The procedure for determination of cleaning additive in diesel fuel described in this paper is based on quantitative isolation from diesel oil of a characteristic fraction containing, depending on origin, aliphatic alcohols with a various length of carbon chain. In this paper, an additive with 2-ethylhexanol was used. Naphthalene is also a known component of this type of additives, with the content of up to several percent. This compound was also taken as a compound employed for quantitative determinations with the use of normal-phase liquid chromatography with UV diode array detector (NP-HPLC/UV/DAD).
The single-step procedures described in the sections "Single-step procedure-normal-phase high-performance liquid chromatography with refractive index detector and UV-VIS diode array detector" and "Single-step procedure-capillary gas chromatography with flame ionization detector or mass spectrometric detection" turned out to be insufficiently selective to enable quantitative analysis of the selected compounds. The sole use of normal-phase HPLC did not allow satisfactory separation of naphthalene from other components occurring in diesel fuel even when three high-efficiency columns connected in series were used. In case of separation of naphthalene from the other components, a characteristic UV spectrum of naphthalene would enable quantitative determination by a UV detector. However, the results obtained in this study proved such an approach to be unfeasible. The sole use of gas chromatography is impossible due to the elution temperature of main components of the additive overlapping with the elution temperature of diesel fuel. The separation and determination of characteristic peaks of the additive in the presence of diesel fuel is not possible even when using 60.0-m highefficiency capillary columns either with a FID or with mass spectrometry with SIM. Insufficiently, specific fragment ions coming from 2-ethylhexanol result in detection of a large signal from the hydrocarbon matrix of diesel fuel at the retention time of the analyte. Such a problem did not occur Fig. 1 NP-HPLC/UV/DAD chromatogram of sample of diesel fuel containing cleaning additive. Conditions as described in the section "Isolation of the additive fraction from a sample of diesel fuel using NP-HPLC and backflush elution-NP-HPLC-EBF/UV-VIS-DAD/RID" of the "Procedure"-5 % MTBE in the mobile phase; BF backflush point Fig. 2 HPLC-RID chromatogram of a sample of diesel fuel containing cleaning additive. Conditions as described in "Isolation of the additive fraction from a sample of diesel fuel using NP-HPLC and backflush elution-NP-HPLC-EBF/UV-VIS-DAD/ RID" of the "Procedure"-12.5 % MTBE in the mobile phase; BF backflush point, FC fraction collection range in the case of determination of lubricants and antioxidants [9, [11] [12] [13] .
Consequently, it was necessary to isolate a characteristic fraction containing the additive components from diesel fuel using normal-phase adsorption HPLC, followed by quantitative determination by GC-FID or GC-MS with SIM.
The developed two-step analytical procedure involving isolation of a characteristic fraction of the additive by means of NP-HPLC allows separation of paraffins, cycloparaffins, alkenes and mono-, di-(including napthalene), and triaromatic compounds present in a sample of diesel oil ( Fig. 1-backflush point at 12 min, the additive peak collected Under such separation conditions, the additive fraction containing 2-ethylhexanol is collected during backflush. Diesel fuel can contain highly polar compounds (resins), whose strong UVabsorption can be observed in Fig. 3 in the region of peak elution during backflush. In this case, the absence of eluent backflush would require step elution using a solvent with high elution strength to ensure their complete removal from the column. Such an elution would require column equilibration at the initial composition of the mobile phase prior to every analysis. The use of a UV/DAD detector allows control of this type of components in a sample. A disadvantage of this approach is peak broadening in the first detector.
An advantage of elution of the additive fraction during the initial direction of flow of the eluent is a considerably smaller peak width and, therefore, a higher concentration of the collected fraction, which results in a higher sensitivity of the procedure. However, in this case it is necessary to use backflush or step elution following collection of the desired fraction in order to ensure complete elution of all of the sample components. A chromatogram obtained under these conditions is shown in Fig. 4 . The additive fraction which was used for GC quantitative analysis (but is unseen in this HPLC chromatogram due to the lack of UV absorption by 2-ethylhexanol) was collected from 10.5-11.5 min (time of fraction collection 1 min). A more concentrated fraction is obtained in this case compared to fraction collection using backflush (time of fraction collection 1.7 min). An improvement in sensitivity of the determination is only marginal, however, and can be of significance only in the analysis of trace amounts of additive, and primarily in the case of contamination of one type of diesel fuel with another, containing an additive discussed in this paper.
A GC-FID chromatogram obtained using the two-step NP-HPLC-EBF/GC-FID procedure is shown in Fig. 5 . Despite fraction collection under backflush conditions, which lowers selectivity of isolation of the fraction of interest, capillary chromatography of the isolated fraction allows accurate and precise quantitative determinations.
A comparison of characteristics of quantitative determinations using one-and two-step procedures studied in this work is compiled in Table 1 . The single-step procedures were found to be ineffective even with highly selective detection parameters due to very complex sample matrices. On the other hand, validation procedure demonstrated that the two-step procedures yield accurate and reproducible results. In all, four alternative two-step procedures for the determination of cleaning additives in diesel fuel were developed.
The use of mass spectrometry during final determination enables additional quality control of the results through the measurement of ratio of intensities of ions with 70 and 83 m/z. On this basis, it is possible to determine peak purity, which in case of fuels with complex matrices is an additional advantage of this procedure.
The procedures described in Introduction allow direct onestep determination of components of diesel fuel additives, if they have a characteristic mass spectrum, by using GC-MS in the SIM mode or by other selective detection methods. For the additives studied in this paper, such a possibility does not exist, which was demonstrated by the results obtained when using one-dimensional techniques. Only the use of orthogonal separation through the LC×GC coupling, resolution enabling quantitative analysis is achieved.
Conclusions
A procedure for the determination of additives in diesel oil has been developed. The use of normal-phase highperformance liquid chromatography in the first step, followed by gas chromatography for the final determination allows determination of additives containing aliphatic alcohols, commonly used as components of diesel fuel cleaning additives. Depending on the separation conditions used during normal-phase LC, a characteristic fuel fraction containing this type of additives is collected either during separation or during backflush.
The obtained results demonstrate the possibility of accurate determination of the additive in diesel fuel. A wide linear dynamic range enables determinations of the additive content in control of blending process at a level of several hundred parts per million and also at the trace level. The lowest detection limit (0.7 ppm w/w) is obtained when using NP-HPLC in the first step with fraction collection during normal flow, followed by gas chromatography-mass spectrometry in the SIM mode during final determination. This allows quality control of a fuel in case of the risk of contamination of a batch of fuel with a fuel of a different type, which can happen in a storage tank.
